INTRODUCTION
Northern Chile has been recognized as an important seismic gap where a major earthquake is expected in the near future (Kelleher 1972; McCann et al. 1979; Nishenko 1985; Comte & Pardo 1991) . However, the Wadatí-Benioff zone is poorly established because almost all the seismic studies related to northern Chile (e.g. Barazangi ¿2 Isacks 1976; Araujo 1985; Chowdhury & Whiteman 1987; Isacks 1988) have used teleseismic data due to the lack of regional and local networks.
The area studied here is close to the southern edge of the region which ruptured during the last great (Mw = 8.8) 1877 earthquake (Dorbath et al. 1990; Comte & Pardo 1991) . No major thrust event (Ms>7.5) has affected the region this century. Moreover, no historical great earthquake is known to have occurred in the coastal zone south of Antofagasta The extent of seismically coupled zones in subduction regions has mainly been studied using globally recorded data. 'Tichelaar & Ruff (1991) studied seismic coupling along the Chilean subduction zone using M > G events. However, due to the lack of significant thrust events in northern Chile since the great 1877 earthquake, reliable estimation of the maximum depth of coupling ín this region using teleseismic data is uncertain.
In this stud , \ve analysed the subduction morphology ~;R.s-T. O. M. Fonds Documentaire around Antofagasta Using reliable local data. W e propose that it is possible to map the coupled-uncoupled transition along the subducting slab to estimate the maximum depth of the seismogenic Contact Zone.
Another objective Of t h e 1988 campaign was to investigate crustal seismicity in relation to the main tectonic features. In northern Chile two mega-fault systems are present: the Atacama fault and t h e Coastal Scarp. The nature and kinenlatics of both structures are controversial: Arabasz (1971) stated that the Atacama fault acts mainly as a normal fault, whereas Armijo RC Thiele (1990) observed mostly ieft-lateral movement along the central part. Naranjo (1987) suggests that the Atacama fault is presently inactive as a strike-slip fault, and Yañez (in preparation) indicates that the Atacama fault was very active during the Mesozoic, but may have remained inactive since the Tertiary because of the migration of the volcanic front 200 km landward. 
Seismological network
A seismological network of 29 portable stations was installed within a 150 km radius around Antofagasta during September-October 1988 (Fig. 1) . The location of each station was determined using topographic maps (1 : 50 000) and the satellite positioning system TRANSIT. T h e error in the locations i s estimated to be less than 150 m (Table 1) . 
Location of the events
For the analogue records the accuracy of the P and S readings are estimated to be about 0.1 and 0.5s, respectively, whereas for the digital stations the accuracy of these readings is about 0.01 and 0.2s, respectively. The highest precision S-wave arrival times were obtained using the horizontal components of t h e digital i,nstruments. For some periods the O M E G A clock was not synchronized with the radio signal at some GEOSTRAS stations. In these instances the absolute time was not available and only the polarity and the S-P times were used. The events were located using the HYP071PC program (Lee Sr Valdes 1978). T h e velocity model used (Table 2) was inferred from the seismic refraction studies conducted by Wigger (1988) near Antofagasta. The readings with high residuals were verified and re-read.
The following parameters were varied to check the reliability of the solutions: (I) the initial depth, from O to 250 km in variable (10-25 km) intervals; (2) the velocity model was changed to a simple model consisting of a layer over a half-space; and (3) the V,,/Vs ratio was varied from 1.6 to 1.8 at 0.4 increments. An event location was considered reliable if it fulfilled the following criteria: (1) it had a minimum of 10 phase readings, including at least three S phases, and the distance between the epicentre and the nearest station with an S reading was smaller than the calculated depth; (2) the epicentral and depth variations were smaller than 52.5 km when the initial depth and the velocity model were varied as described earlier; and (3) the epicentral and depth variations were less than 9 5 kni when the VJV, ratio was varied from 1.6 to 1.8 at 0.4 increments. With these criteria, 197 reliable locations were determined with magnitudes 2 e Md s 5 and RMS 6 0.3 s. These events were then used as master events to relocate all the microearthquakes that did not fit the distance-depth criterion, but had at least 20 phase readings. Forty-eight events were thus relocated. The epicentral distribution of the reliable and relocated events is shown in Fig. 1 No event was located from the trench to 80 km eastward with the criteria just described, probably due t o the lack of off-coast coverage. The seismic activity is not evenly distributed but clusters in elongated bands nearly parallel to the coast and in intense swarms, particularly to the east. An important part of the seismicity took place eastward, outside the network.
Considering that the definition of the auxiliary nodal plane of the focal mechanisms is not always well constrained, a joint focal mechanism and stress tensor inversion was carried out from the first-motion polarities using the Rivera &L Cisternas (1990) algorithm. T h e 15 individual and four composite focal mechanisms obtained are presented in Figs 2 and 3 (Table 3 ). T h e composite mechanisms (2, 5 , 6 and 16; Table 3 ) combine events with epicentral and depth differences less than 10 km.
Six cross-sections from 0 to 600 km from the trench in the direction of the convergence of the Nazca plate with a width of O.@, were drawn using both reliable and relocated events (Figs 1 and 4) . A s the relocated events are mostly on the edges or outside the network, these events were included in the cross-sections mainly to obtain a more complete coverage of the coastal and down-dip parts of the slab. Lateral lower hemispheric projection of the focal mechanisms obtained are shown in Fig. 5 .
RESULTS

Wadati-Benioff zone
We found that at shallow depths (20-70 km) the dip angle of the subducting plate is about 1s" and at greater depths (70-250 km) the dip angle steepens to about 30" (Fig. 5) .
These values agree with those determined using global data (Jarrard 1956).
The cross-sections C2, C3 and C4 show a weak activity within the area of the network coverage, at distances between 150 and 220km from the trench (Fig. 4) . This (a) Joint focal mechanism and stress tensor inversion solutions from the first-motion polarities using the Rivera 9r Cisternas (1990) algorithm for the reverse faulting events. Open squares denote dilation and closed squares denote compression. An estimation of the uncertainty of the fault-plane pole is shown for each mechanism. In the lower part of the figure the orientation and the associated uncertainty of the compressional ( u , ) , tensional (o3), and intermediate (o2) axis of the obtained stress tensor are also presented. (b) Joint focal mechanisms and stress tensor inversion solutions from the first-motion polarities using the Rivera & Cisternas (19900) algorithm for the normal faulting events. Symbols as in Fig. 2(a) . When there is no uncertainty region for the fault-plane pole, it means that the fault planes are not well constrained.
, decrease in seismic activity is not observed in C1 and C5.
The C6 cross-section corresponds to the southern edge of the network, and it will not be included in the following discussion because it has only a few events, and most of these are relocated microearthquakes. A similar pattern of seismic activity is also observed in other parts of the subduction zone along South America, for example, in southern Peru (Grange et al. 19S4) . Another absence of seismicity is observed from about 130
to 200 km depth along the slab. This absence is well correlated with the presence of the active volcanoes in the Andcan range and it probably corresponds to partial melting of the upper part of 'he subducted slab. In the C3, C4, C5 and C6 cross-sections, a cluster of seismicity is also observed at depths between 200 and 260 kni. (Fig. 3b) . Considering the depth of both events it changes its azimuth from N45"E to a more north-south is difficult to associate them with the Atacama fault system, and in Fig. 5 it can be observed that they are clearly inside establish if there is a relation between the two phenomena.
'/I1 Fig. 3b ; Table 3 ). These intraplate events occurred at distances of above 700-290 kni from the trench and their depths varied from 65 to 85 km (Fig. 5) . Therefore, a change from a compressional to a tensional stress field can be observed at approximately 200km from the trench, corresponding to a depth of about 70 kin.
Crustal seismicity
12 microearthquakes were located with depths shallower than 30 km (Fig. 6) . However, most of them have epicentres in the ocean and are probably associated with the slab. One event close to the main branch of the Atacama fault system had a depth of 28 km, its focal mechanism is not reliable, and it is probably associated with the subduction of the Nazca plate and does not reflect crustal deformation of the overlying plate (Fig. 5) . A cluster o: ' three events (shown by crosses in Fig. 6 ) with depths less than 5 k m corresponds to blasts in the Mantos Blancos mine. Thus we conclude that no shallow microearthquake associated with the Atacama fault system occurred during the period of the experiment.
Three shallow-dipping thrust faulting focal mechanism solutions were determined; two for individual earthquakes (3 and 4) and the third a composite solution of two events (5) (Fig. 3a, Table 3 ). the uncertainties of the poorly constrained nodal plane of the focal mechanism solutions of these thrust events (indicated in Fig. 2 ), we can conclude that the average slip direction of these events is not in contradiction with that estimated in the region from global plate tectonic models (N77"E, NUVEL 1; DeMets et al. 1990 ).
D I S C U S S I O N Seismogenic plate contact
The depth of the thrust events varies from 32 to 47 km at distances between 90 and 140 km from the trench (Fig. 5) .
The scismogenic interplate contact thus reaches a t least 47 kni depth. This depth is about twice the maximum depth observed for Guerrero, and it is in accordance with the scale relation 2: 1 pointed out by Suarez et d. (1990) for the subduction zones of hkxico and Chile.
Four reverse faulting mechanisms with a high dip angle were also determined (1, 2, 6 and 7; Fig. 3a) . These events occurred from 120 to 200km from the trench at depths varying from 40 to 7Skm and should be interpreted as a result of faulting within the subducted slab (Fig. 5) .
Shallow normal faulting events
Two normal faulting focal mechanisms were determined (12 and 13; Fig. 3b ; Table 3 ). The events occurred at a distance of 130kni from the trench a t depths of 35 and 52 km, respectively, in the same distance range from the trench where thrust faulting is also observed (Fig. 5) . The tensional field associated with these events contrasts with the compressional field found at the same distances from the The seismogenic coupled zone corresponds to the interplate contact that can gene1 ate large underthrusting events, The maximum depth of the coupled-uncoupled transition has been determined using the observed maximum depth of the shallow-dipping thrusting fault event using teleseismic data Local microseismic experiments offer the possibility of estimating the maximum depth of the coupled interplate region. The expected behaviour of the stress acting along the slab is a compressional field in the contact zone and a tensional field from the coupled-uncoupled transition. This possibility is particularly useful for subduction regions that have local networks with inadequate azimuthal coverage for thrust events which occur mainly offshore, and which have generally unreliable data on the location and focal mechanisms of earthquakes. In these regions the transition occurs inland and within the coverage of local networks. Therefore, the depth of the change between the compressional and tensional stress field along the slab could be an advantageous alternative method to estimate the maximum depth of the coupled zone.
-22O
-24" (a) Focal mechanism solutions in lower hemisphcric projection of shallow-dipping and high-an& reverse faulting events. The epicentral distribution of the reliable seismicity recorded during the experiment is also presented. The number in the upper part of each mechanism corrcsponds to its idcntification number (Fig. 5, Tablc 3 ). Symbols as in Fig. 1. (b) Focal mechanism solutions in lowcr hemispheric projection of normal faulting events. Symbols as in Fig. 3(a) . In the Antofagasta field experiment we observed that the maximum depth of the shallow-dipping thrusting faulting events is about 47 km, the high-angle reverse faulting events occur in the range 40-78 km depth, and the deeper normal faulting events occur between 68 and 85 km depth (Fig. 5) . Therefore a change from a compressional to a tensional stress field along the slab occurs about 70 km depth and at distances of around 200km from the trench; this corresponds approximately to the Precordillera. T h e depth of the change in stress along the slab correlates with the crustal thickness of about 70 km under the Precordillera determined by refraction and gravity studies (Wigger 19SS) . We cannot distinguish whether the high-dipping reverse faulting events are on the interplate contact or below it, but we can follow the change in compressional to tensional stress field along the slab.
The minimum depth of the seismogenic zone could be considered to be about 10-15km; at shallower depths the poorly consolidated sediments that form the accretionary prism can deform aseismically (Byrne, Davis & Sykes 198s; Marone gi Scholz 19%) .
There are therefore two possibilities: (1) the coupled zone extends from 10-15 to 47 km in depth, with a seismogenic contact zone width of about 90 km; and (2) the coupled zone extends to about 70 km depth, where the transition from the compressional to tensional stress field is observed. In this instance the width of the seismogenic coupled zone could reach about 130 km.
If we assume the rupture length of 420 km determined by Comte 8 Pardo (1992) for the 1877 earthquake and considering the two seismogenic contact widths determined earlier, the maximum magnitude Ms (Kanamori Sr Anderson 1975) estimated for the zone varies between 8.6 and 5.7.
Crustal seismicity
In a preliminary report Comte et al. (1992) associated some shallow events with the Atacama fault system. However, when the digital data were included in the analysis, these events were relocated within the subducted slab; therefore, during this seismic experiment, no shallow event could be associated with the Atacama fault system. Armijo & Thiele (1990) proposed a ramp model to explain the left-lateral displacements observed in the central part of the Atacama fault system, instead of the right-lateral displacements which should be expected from the orientation of the fault and the direction of the Nazca plate convergence. This model assumes that the Coastal Scarp and the Atacama fault may interact with the subduction interface at depth, with two changes in the dip angle of the descending slab: one located at approximately 25 km depth and at a distance of about SO km from the trench associated with +he Coastal Scarp; and the second change located at approximately 50 km depth, at a distance of 150 km from the trench. Armijo & Thiele (1990) argue that this change in dip controls the geometry of the Atacama fault system. T h e first change that occurs under the ocean cannot be verified with the data collected during this experiment because the coverage of the network was mainly inland; the second change does occur within the network coverage and it is not Crosses indicate the three explosions in the Mantos Blancos mine which occurred during this experiment.
observed on the various cross-sections, where the slab appears as a smooth surface. Based on seismic experiments of short duration it is not always possible to define whether a continental fault system is active. It has been obscrved that the most active segments of a fault, from a microseismic point of view, are not necessarily the same segments that can generate major earthquakes (Wesnousky 1990 ). Thus the lack of shallow seismic activity associated with the Atacama fault system during the September and October 1985 field experiment does not constitute a strong argument in favour of the hypothesis of Yañez (in preparation), who considers that this fault is no longer active.
CONCLUSIONS
An alternative method is suggested to estimate the depth of the coupled-uncoupled transition in the subduction lithosphere using reliable local data, defined by the depth where a change from compressional to tensional stress field along the slab is observed.
In the case of Antofagasta, northern Chile, two estimates of the maximum depth of the seismogenic coupled zone are obtained, one defined by the maximum depth of the shallow-dipping thrust events and the other defined by the depth where the change from a compressional to a tensional stress field is observed. In the first instance we obtain a maximum depth of 47 km with a width of the seismogenic contact zone of about 90kni. In the second we obtain a maximum depth of 70 km, with a corresponding width of the seismogenic contact zone of about 130km. With the two width estimations of the seismogenic zone, the maximum magnitude, M, expected for the studied region could reach about 8. 6-5.7 .
No shallow event associated with the Atacama fault system was observed during the experiment. The ramp and lateral decoupling along the subduction plate boundary model proposed by Armijo Rr Thiele (1990) for the central part of this fault system is not confirmed by the geometry of the Wadati-Benioff zone determined in this study.
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